Performing accurate, linear and stable Electrochemical Impedance Spectroscopy of Li/SOCl 2 based batteries (and more generally, all primary batteries) is challenging due to the lack of a (well-defined) charging reaction. The difficulty stems from irreversible operation chemistry (compromising stable operation) and the inconsistent anode passivation of the cell. The very scarce literature examples lack proper measurement protocol and accurate EIS data for Li/SOCl 2 that can be modeled. In this study, we demonstrate how these challenges can be overcome by performing Galvanostatic-EIS in discharge mode and investigate the details of how experimental parameters influence not only the measurement, but also the cell itself. We present linear and stable data that is compatible with the Kramers-Kronig relations in frequency ranges as wide as 10 kHz to 1 mHz for fully charged to fully discharged cells. Moreover, we utilize Harmonic Analysis to study the nonlinearities in the measurement and further show that the passivation of the anode is a major cause for the nonlinearities. Batteries are getting more center-stage attention across all fields of electronics due to the ever growing needs of current and next generation devices in not only consumer electronics but also in transportation, defense and renewable energy harvesting.
Batteries are getting more center-stage attention across all fields of electronics due to the ever growing needs of current and next generation devices in not only consumer electronics but also in transportation, defense and renewable energy harvesting. 1, 2 In designing the battery pack for devices, the main considerations are power and energy densities of the available options. Though rechargeable batteries are the main sources used, primary (i.e. non-rechargeable) batteries are the main electrochemical energy storage devices for applications where recharging is impractical or impossible. This is due to the fact that the currently available rechargeable chemistries do not possess the energy densities that the primary batteries offer. The volumetric and gravimetric energy densities of commonly used primary and secondary batteries are summarized in Table I . Due to the importance of volume and weight limitations, military, aerospace and specialty emergency service applications are heavily dependent on primary batteries with different chemistries. [3] [4] [5] [6] Among primary chemistries, Lithium Thionyl Chloride (Li/SOCl 2 ) is the most commonly used due to its high energy density, high operating cell voltage, voltage stability over 95% of the discharge, large operating temperature range (−55 to 70°C) and long storage life. [6] [7] [8] In Li/SOCl 2 batteries, anode consists of a Li foil, cathode consists of a porous carbon, and electrolyte is a solution of LiAlCl 4 (Lithium Aluminum Tetrachloride) dissolved in SOCl 2 (Thionyl Chloride). 3 The discharge reactions are: The overall reaction shown above leads to a highly stable battery voltage. All the reactants and the products are solids or liquids which possess a unity activity except SO 2 which escapes the cell with very small leftover partial pressure. 7 The resulting Nernst equation is then a constant cell potential as long as these reagents exist and a sudden crash when the limiting reagent is exhausted. 16, 17 The reaction on the cathode is irreversible because of the formation of the gaseous SO 2 in addition to the complicated forms of elemental sulfur. Spectroscopic studies for the formed species with applied currents in the charging direction showed complex reactions. Under conditions where Li and SO 2 is present, mainly SO 2 Cl 2 , SCl 2 or S 2 Cl 2 are shown to form. Under other conditions where Li amount is small, SOC1 2 will be oxidized initially, producing C1 2 which leads to the formation of SO 2 Cl 2 . 18, 19 The charging products are all electrochemically inactive, in addition to being hard to predict.
Electrochemical Impedance Spectroscopy (EIS) is an important analytical tool that is heavily used in battery analysis [20] [21] [22] [23] along with corrosion, paints, coatings, fuel cells, etc. It is based on an applied excitation with an oscillating voltage or current and measurement of the resulting response in a wide frequency range. From the impedance measured as a function of frequency, individual properties of subcomponents can be extracted due to their distinctly different time constants. Valuable information regarding charge transfer resistance, double layer capacitance, mass transport and details of various interfaces can be separately obtained by such analysis. Therefore, the main advantage of EIS stems from its access to a wide range of timescales. Furthermore, EIS only requires the two terminals of the battery, therefore, it can gather information about individual interfaces without disassembling the battery. Lastly, since EIS is performed around the equilibrium point with small and typically symmetric perturbations, it is non-destructive.
The obtained EIS data has to be linear, stable, causal and finite. 20, 21 Linearity is achieved in electrochemical systems, which are nonlinear by nature, through minimal deviations from the equilibrium state of the system. Stability is generally ensured by finishing the experiment within a timeframe of stability for the sample. These two properties must be taken into consideration while setting the parameters of the EIS measurement a . Mathematically, Kramers-Kronig transforms are ways to check for all criteria mentioned above. Though it is impossible to apply the fundamental relations directly due to the finite frequency window of measurements, there are methods developed that enable verifying the compatibility. [24] [25] [26] Without an impedance spectrum that is compatible with Kramers-Kronig relations, neither equivalent circuits, nor any other model can fit the data properly, hence, any parameters obtained from the data will not be valid.
Accurate and Kramers-Kronig compatible EIS datasets are not only crucial for developing a proper understanding of the battery properties, but also for properly predicting their voltage responses under load as was shown in a study by our group and others. [27] [28] [29] Since the predictions of the algorithms are heavily dependent on the quality of EIS data, accurate and linear EIS data is of utmost importance when it comes to modeling the voltage of the battery system. Accurate EIS measurement of Li/SOCl 2 primary batteries involve several challenges. As mentioned above, EIS is typically performed by exciting the system symmetrically with either a current or potential perturbation around the equilibrium point and measuring the response to such excitation. For batteries, in particular, this requires the apa As long as the measurements are not experimental artifacts or noise, the data is causal and finite. -650  970-1300  Zinc-air  300-450  1500-1700  Secondary  Li-ion  100-200  400-700  NiCd  20-40  100-150  Lead acid  20-50  60-80 plied perturbation signal to oscillate between charge and discharge constantly at different frequencies. For Li/SOCl 2 batteries, as the experiment proceeds, the discharge side of the experiment decreases the state-of-charge (SoC), where the charge side of the experiment causes undefined reactions which were mentioned above. Therefore, the current on the discharge side leads to non-stationarity and the current on the charge side causes nonlinearity in the EIS data. The protocol that the current manuscript employs to solve this problem is to keep the complete excitation current waveform in the discharge side for linearity and as small as possible for stationarity. Further, in Li/SOCl 2 (like in most batteries), a spontaneous chemical phenomenon taking place at the surface of the highly active metal Li causes further complications in EIS measurement. Li reacts with the solvent SOCl 2 as soon as it comes into contact, resulting in the formation of a passivation layer that is called the Solid Electrolyte Interface (SEI). Studies showed the formation of a compact layer right at the electrolyte/Li interface followed by a thicker and denser layer which slowly forms during storage. 7, [30] [31] [32] [33] This two layer structure passivates the anode from further reactions with the electrolyte and helps in its stabilization. However, the passivation layer has disadvantages in the performance of the battery. It causes high internal impedance and results in self discharge and voltage delays. 34, 35 Unlike the SEI in secondary Li ion batteries, the thicker part of the passivation layer in Li/SOCl 2 demolishes as the cell discharges, allowing the Li to reach the electrolyte, and re-forms again at open circuit. In order to mitigate the negative effects of the SEI layer on the EIS measurement, a significant constant discharge current is required to ensure that the SEI layer is demolished and does not reform throughout the measurement.
In the literature, studies have attempted to obtain EIS of Li/SOCl 2 cells either potentiostatically or galvanostatically.
b To the best of the authors' knowledge, the first publication regarding an impedance study for a complete cell was done by Hughes et al. 36 The conditions in which the impedance measurement was performed was mentioned to be galvanostatic in the range of 10 kHz to 1 Hz. Neither values of the excitation signal, nor any DC level were specified. Impedance data were presented for the cell at various SoC. However, the presented impedance data suffers from clear deviations from ideal behavior in low frequency regions. The presented equivalent circuit model failed to fit the experimental data at the low end of the rather narrow frequency window.
Other studies in the literature utilized P-EIS for investigating the impedance of Li/SOCl 2 . Popov et al. studied the impedance of the passivation layer at different storage times. 37 The voltage excitation was ±5 mV in amplitude in a frequency range of 10 kHz to 10 mHz. Another study done by Walsh et al. studied the impedance of the passivation layer to predict the voltage drop in the cell. 38 ±10 mV excitation in a frequency window of 20 kHz to 50 mHz was employed. The impedance data presented in both studies were dominated by the impedance of the passivation layer and showed an increase as the degree of passivation increased.
It should be mentioned that P-EIS cannot provide accurate impedance results for Li/SOCl 2 cell since any positive deviation from the equilibrium would cause undefined reactions that do not represent the operation chemistry of the cell. Moreover, in P-EIS, there is no known procedure for getting rid of the passivation layer. The passivation reaction would constantly take place during the measurement.
In order to obtain accurate EIS for Li/SOCl 2 system, two requirements must be met. First, the impedance measurement has to be done in the discharge mode to ensure that the current does not venture into the ill-defined, irreversible charge reactions of the system. Second, due to the passivation affecting the cell voltage responses, passivation layer should be removed before the impedance measurement and should be prevented from re-forming while the measurement is taking place. These requirements can be satisfied by performing G-EIS under discharge. The excitation Alternating Current (AC) signal is applied along with a negative Direct Current (DC) offset which ensures that no charging currents are imposed on the system. The value of the discharging DC offset is also adjusted to a value that prevents formation of the passivation layer during the measurement. This method have been used in the literature to study fuel cells and other electrochemical systems 20c . In all of the obtained data compatibility with Kramers-Kronig relations were checked using the implementation within the Echem Analyst Software of Gamry Instruments. 39 This method effectively fits the data to numerous Voigt elements that are combined in series.
In cases where the data comes out to be incompatible with KramersKronig relations, we utilized Harmonic analysis, which involves the analysis of the voltage response signal in the frequency domain, to investigate the nonlinear behavior in Li/SOCl 2 cells. Harmonic analysis has been used in the literature to investigate the nonlinear characters of different electrochemical systems. Large perturbation excitation is used to obtain insight about the nonlinear processes in the studied system by the analysis of the response signal as a function of frequency. 40, 41 Darowicki et al. published a review which described the application of the harmonic analysis to study activation reactions, simple diffusion systems and corrosion systems. 42 They emphasized that harmonic analysis can be very useful in studying the kinetics of electrode processes simultaneously with EIS. Later Bosch et al. developed a new technique named Electrochemical Frequency Modulation which utilizes two sine waves of different frequencies as excitation and analyzes the response in frequency domain for nonlinear characteristics. 43 They showed that this technique can be used for instantaneous corrosion rate measurements under various corrosion conditions. Other corrosion studies utilized harmonic analysis to study the rate of corrosion for different systems. 44, 45 Harmonic analysis was also utilized to investigate nonlinear processes in fuel cells. It was used for the diagnosis of dehydration, flooding and CO-poisoning processes as well as monitoring oxygen concentration and operation status of PEM fuel cells. 46, 47 More recently harmonic analysis was used for Li-ion batteries. Krewer et al. investigated the relation of the excitation signal amplitude to the observed harmonics for different types of Li ion batteries. Temperature dependency and aging of the battery was related to the obtained harmonic responses. Moreover, studies on Li plating showed the ability of its detection utilizing harmonic analysis along with EIS. 48, 49 In another study, Schwartz et al. utilized harmonic analysis for LiNMC batteries with moderate-amplitude excitation signals. They presented second harmonic spectra for the response signal at different SoCs and with aging of the cells along with the EIS. They showed how second harmonic at the low frequency regions can provide information about diffusion and charge transfer symmetry. 50 In the present report, we used harmonic analysis to study the passivation behavior in Li/SOCl 2 batteries. We will show that passivation as a nonlinear process is directly related to higher harmonic responses in the EIS which allow for deeper investigation of passivation. To the authors' knowledge, there are no previously reported examples of harmonic analysis on primary batteries.
Experimental
Cells.-Commercially available Li/SOCl 2 (SAFT-LSH20) D-size spiral cells 17 and (SAFT-LS 14500) 16 AA-size bobbin cells were used in all measurements. The D-size spiral cell has 13Ah capacity with 3.67V open circuit potential and the AA-size bobbin cell has 2.6Ah capacity with 3.67V open circuit potential. The Maximum Recommended Continuous Currents (MRCC) were 1800mA and 50mA for D-size and AA-size respectively. The negative DC offset (discharge currents) were assigned not to exceed these MRCC values.
Methods -galvanostatic EIS while discharge.-EIS were obtained using Gamry Interface 1000E galvanostatically under discharge, in a frequency window of 10kHz to 1mHz with 10 points per decade or 5 point per decade for D-size cells and a frequency window of 10kHz to 4mHz with 5 points per decade for AA-size cells. The measurement script was modified to simultaneously measure the impedance of the system and record the time domain voltage response at each frequency (Appendix A). The voltage responses at each frequency were then used for the harmonic analysis. G-EIS while discharge was achieved by adding a negative DC offset to the excitation signal as shown in Figure 1 . The value of the negative DC offset and the AC excitation were adjusted to ensure no charging currents are imposed on the cell.
In order to demolish the passivation layer, a DC discharge of relatively high magnitude needs to be applied. This procedure was necessary to obtain accurate impedance of the cell without the adverse effects of the passivation layer. 51 The cell was discharged with a suitable current until the voltage was stabilized. The G-EIS measurement was conducted directly after removing the passivation. Furthermore, a 30 second hold period was applied between the frequencies with the negative DC offset of the measurement to prevent passivation layer formation during the measurement. Figure 1 shows a generic frequency domain description of both current excitation and voltage response signals, both obtained in a non-averaged fashion in the time domain. After FFT, both signals are plotted as a function of the harmonic index. The zeroth position corresponds to the DC offset followed by the first, second and third harmonic etc. The first harmonic is typically referred to as the principal. The principal harmonic on the current corresponds to the AC excitation signal. The other harmonics have negligible values that correspond to the noise level of the instruments' signal generator. In a particular case where a nonlinear voltage response is observed, the voltage response shows a DC offset at the zeroth position corresponding to the voltage of the battery as well as the expected principal harmonic, in addition to finite amplitudes over the noise floor of the instrument at the higher harmonics. The higher harmonics are the result of nonlinear behavior of the system and their presence preclude a Kramers-Kronig compatible EIS measurement. We use such analysis to further validate our obtained spectra and to study the passivation phenomena on the anode. The bottom diagrams (shown in c) are for high offset measurements with (−50mA DC, 5mA AC) for D-size and (−10mA DC, 2mA AC) for AA-size cell at 98% SoC. These values for the DC offsets and the current excitations were assigned by trial-and-error. Series of experiments were done to determine the best parameters which resulted in linear and stable EIS. Kramers-Kronig compatibility and the presence of second and higher harmonics were the tests used for the validation of the used parameters.
Results and Discussion

G-EIS of
In order to study the effect of the passivation layer on the impedance, the layer was not treated for the low DC offset measurements ( Figure 2a) and was treated by discharge prior to EIS measurement for the other two with higher DC offset measurements (Figures 2b  and 2c ). There is a clear difference in the impedance characteristics among the measurements with and without treatment for the passivation layer for either cell. This difference can be related to the high impedance of the passivation layer which dominates over other processes.
The Nyquist diagrams for the passivated cells (Figure 2a) show comparatively larger impedance values than the depassivated ones (Figures 2b and 2c) with Kramers-Kronig incompatible regions at the lower frequencies. The regions that are incompatible with the Kramers-Kronig relations can be due to the nonlinearities or instabilities caused by the passivation layer. However, the high frequency region is compatible with the Kramers-Kronig relations for all cases.
Treatment of the passivation layer by discharge before the measurement causes a decrease in the impedance values as can be seen from Figure 2 . Applying higher DC offsets during the measurement was necessary to prevent passivation layer formation during impedance measurement. Nyquist diagrams for the case of no passivation and moderately higher offsets are shown in Figure 2b . The compatibility with Kramers-Kronig transform is better for these offsets but still deviate at the very low frequency regions. This deviation shows nonlinearity or instability effects of the passivation layer that forms during measurement at this frequency region. Unlike the passivated cells (Figure 2a) , the Nyquist diagrams for the depassivated cells (Figures 2b  and 2c) show more than one time-constant region that is compatible with the Kramers-Kronig relations.
Increasing the magnitude of the DC negative offset causes the appearance of three time-constants and shows excellent compatibility with the Kramers-Kronig relations for the full frequency range as shown in Figure 2c . The first semicircle at the high frequency region between 10kHz and 250Hz, the middle semicircle at mid frequencies between 250Hz and 1Hz, and the third semicircle at the low frequency region between 1Hz to 1mHz. These three semicircle could not be resolved in the previous measurements due to the dominant passivation effects.
In order to understand the characteristics of the three displayed time constants, we investigated the change in impedance at different SoCs. We also employed equivalent circuit models to fit the obtained impedance with proper equivalent circuit components and studied the changes with SoC. The changes can enable us to make speculations about the nature of these three semicircles and their relations to the chemistry of the cell. Figure 3 shows the EIS vs. %SoC for Li/SOCl 2 (100%-20% SoC) D-size cell and (100% -45% SoC) AA-size cell. D-size cell measurements were done with (−50mA) DC offset and (5mA) AC while AA-size were with (−10mA) DC offset and (2mA) AC excitation. The frequency range was from 10 kHz to 1 mHz for D-size and 10kHz to 4mHz for AA-size with 5 points/decade for both. D-size cell was discharged with (−300 mA) and AA-size with (−50mA) between the measurements to reach the desired %SoC. These discharge current values allowed for the discharge of the D-size cell until 20%SoC and 45%SoC for the AA-size cell. Discharging the cells further resulted in a fast voltage drop below 3.0V indicating the fully discharged state of the cells.
It can be seen from Figure 3 that for both D-size and AA-size cells, the three time constants appear at all SoCs with differences in size at different SoCs. At 100% SoC the first semicircle at the high frequency region is the largest which shrinks as the SoC decreases. The second semicircle at the middle frequency region on the other hand, is the smallest at 100% SoC and grows by discharging the cell. The size of the third semicircle stays almost constant and decreases at the lower SoCs.
For equivalent circuit modeling, a three time-constant model shown in Figure 4 was employed for all SoCs of both cells. The values of the model components are listed in Tables II and III. Figure 4 shows the behavior of the model components vs. SoC with their errors.
Starting from the fully charged state, the electrolyte resistance of the D-size cell was around 100mΩ until 40% SoC which then gradually increased up to 150mΩ at 20% SoC. In the case of the AA-size cell the resistance was around 1.1Ω at the early SoCs and similarly increased to 1.6Ω after 60% SoC. This increase is expected by the depletion of the electrolyte with the discharge of the cell and accumulation of the reaction products.
The values of the parallel resistance of the first semicircle, which lies at the high frequency region, decreases at the first stages of discharge and later shows a constant behavior. At the same time the capacitance increases as the cell discharges. This behavior can be related to the compact Solid Electrolyte Interphase (SEI) at the anode which degrades as the cell is discharged, resulting in the drop in the resistance and increase in the capacitance.
On the other hand, the values of the third semicircle, which is found in the low frequency region, shows an increase in the charge transfer resistance and a decrease in the capacitance with discharging the cell. Moreover, the capacitance shows larger values than the other two semicircles. This behavior can be related to the highly porous carbon cathode which adsorb the products of the cell reaction as the cell discharges. The cathode surface area decreases as a result of the adsorption causing a decrease in the capacitance.
Finally, the middle semicircle which shows a gradual decrease followed by an increase in its parallel resistance and an increase in the capacitance followed by gradual decrease, can be related to the Li anode. The consumption of Li as the cell discharges causes a small decrease in the charge transfer resistance at the earlier stages. As the consumption continues, small amounts of Li is left at the later stages resulting in an increase in the charge transfer resistance. The capacitance on the other hand, increases due to the increase in the Li morphology as the cell discharges. The increase in morphology causes high surface area and thus higher capacitance. However, as the cell discharges Li quantity decreases resulting in the observed capacitance decrease.
Harmonic analysis.-In performing harmonic analysis, we first ensured that there are no nonlinear contributions from the instrument or the applied excitation signal. This was achieved by constructing a dummy cell with the equivalent circuit components that are chosen to be as close as possible to the fit results of the D-size cell at 80% SoC. The dummy cell composed of one resistance connected in series to three resistor and capacitor in parallel combinations. G-EIS was performed with the same parameters used for the D-size cell and the harmonics of the voltage response signals were analyzed. The resulting EIS is shown in Figure 5a . As can be seen from the Nyquist diagram, the dummy cell impedance resembles the Li/SOCl 2 with three distinctive regions. The harmonics of the voltage response signal is also shown in Figure 5b in which only the principal harmonic occur between (10 −3 -10 −4 V) with other harmonics at a negligibly low level between (10 −6 -10 −7 V). This result shows that there are no harmonics coming from the instrument or as a result of the amplitude of the applied excitation signal when the sample is linear. The distinction between the harmonic spectra of the dummy cell and the ones shown in Figure 6 for the Li/SOCl 2 cells is the higher noise level. The higher noise level is expected due to the electrochemical reactions taking place during the discharge of the cell which does not exist in the passive components of the dummy cell.
Harmonic analysis of the voltage response signals for passivated and depassivated D-size and AA-size cells are presented in Figure 6 . Harmonic spectra for measurements in which the cell is passivated are shown in Figure 6a . Spectra for measurements with passivation treated cells and with moderate and high negative DC offset are shown in Figures 6b and 6c respectively.
It should be mentioned that the change in the voltage of the cells during the measurement due to the applied DC offset was not enormous. This is related to the unique chemistry of the Li/SOCl 2 which shows very stable voltage throughout discharge. Considering the entire spectrum the DC Voltage difference between the beginning and the end of the measurement with low DC offset (i.e. where passivation layer is present) was 50mV for D-size and 30mV for AA-size cells. The same for the passivation treated cells with moderate DC offset(when passivation layer reforms) was 70mV for D-size and 30mV for AA-size cells while less than 2mV drift was observed for the high DC offset(no passivation layer) measurements.
When a single frequency is considered, voltage drifts of the measured voltage signal at 4 mHz for all measurements also show small values. Drift of 2.5mV was observed for both passivated cells. 3.8mV and 7.5mV were seen for D-size and AA-size cells respectively with moderate DC offset whereas less than 1mV for high DC offset measurement for both cells. These values were not corrected prior to FFT for the harmonic analysis.
The harmonic spectra show linear behavior for the measurements where passivation was treated and a high negative DC offset was applied, see Figure 6c . The response contains the principle harmonic component at (10 −3 ) with remaining harmonics at negligible levels (10 −5 ) for both cells.
The nonlinear responses shown in Figure 6a were obtained for both cells while maintaining a high degree of passivation. The response contained the principal harmonic accompanied with appreciable amplitudes of the second harmonic. The remaining harmonics were at undetectable amplitudes. We refer this behavior to the passivation effect on the anode. The presence of the passivation layer during the The second nonlinear response was observed for the cells in which the passivation layer was treated before the measurement however, moderate DC offsets were applied during the measurement, see Figure 6b . In this case, the second harmonic shows appreciable amplitudes at the lower end of the frequency range (<10mHz) for the D-size cell and at frequencies lower than (<1Hz) for AA-size cell. This analysis shows that the moderate offset was not high enough to prevent passivation layer formation while the measurement is being performed.
These results show the ability of harmonic analysis as well as the accurate measurement of EIS for Li/SOCl 2 . They demonstrate the ability of SEI (passivation) layer detection using the harmonic analysis accompanied with the EIS of the cell and especially highlights that the nonlinear part of the impedance response contains information regarding the SEI. Further studies are underway to gain deeper insights regarding the nature of the passivation layer formation using harmonic analysis along with EIS.
One concern about the harmonic response is regarding the drift. Voltage drift would also manifest itself in the harmonic response, especially in the low frequency region. As can be seen in Figure 6b for both cells, the lower frequency harmonics are larger, slowly decaying toward the higher frequencies. This drift is due to the passivation layer forming through the experiment and is not visible in the high or low offset cases since the passivation layer is not present or always present in the high and low offset cases respectively.
Conclusions
Accurate EIS for Li/SOCl 2 primary batteries can only be obtained galvanostatically under discharge. It can be achieved by applying a negative DC offset along with the AC excitation signal such that the total current is always negative. The obtained EIS data show three characteristic frequency regions. These are represented in the Nyquist diagram as three time-constants at high, moderate and low frequencies. Fitting the data with a proper equivalent circuit model enabled for speculations relating the EIS to the electrochemical process of the cell. Harmonic analysis of the voltage response signals showed linear behavior for the cells treated for passivation and nonlinear behavior for the passivated cells. Confirmation of such response was obtained by the harmonic analysis of a constructed dummy cell representing the impedance of the Li/SOCl 2 battery. These observations show the applicability of nonlinear harmonic analysis to the investigation of primary batteries along with EIS. Further studies elucidating the relationships between the total harmonic content of the cell, the passivation kinetics and the overall voltage response needs to be pursued to achieve a full description of the system using both linear and non-linear EIS.
Appendix A. Measurement Script
The standard measurement script in the Gamry Framework software was modified to record the current and the voltage during a sine wave application. This involved setting up a sine wave signal and recording the raw data with the same settings as the actual EIS measurement. The modification to the standard Galvanostatic EIS.exp script is shown below.
;Starting from line 338 This script is set to collect 5 cycles of 16 points each after the standard measurement that the script already performs. The standard script performs optimization of the hardware, in addition to the measurement. The hardware settings are preserved from the standard measurement to the additional measurement. In between every frequency, 30 seconds of stabilization time is added for equilibration. For analysis shown above, the first two cycles (i.e. 32 points) were ignored before the FFT. Figure B1 shows the harmonics in the frequency domain of measured current excitation signals for frequencies between 1 Hz to 1 mHz for D-size and between 1Hz to 4 mHz for AA-size cell. The principal harmonic which represent the AC excitation signal is shown with the resulting harmonics up to its fifth multiple. It is clear from Figure B1 for both cells that only the fundamental signal at (10 −3 A) is present with the others at levels that are five orders of magnitude lower (10 −8 A) which is the noise level of the measurement. The AA-size harmonics spectrum shows higher noise level than the D-size due to the smaller DC offset and AC excitation signals used. This analysis demonstrates that there cannot be any harmonics in the response signal forming as a result of our excitation signal.
Appendix B. Harmonic Analysis of the Current Excitation Signal
ORCID
Burak Ulgut https://orcid.org/0000-0002-4402-0033
